Mutations in oncogenes and tumor suppressor genes are responsible for tumorigenesis and represent favored therapeutic targets in oncology. We exploited homologous recombination to knock-in individual cancer mutations in the genome of nontransformed human cells. Sequential introduction of multiple mutations was also achieved, demonstrating the potential of this strategy to construct tumor progression models. Knock-in cells displayed allele-specific activation of signaling pathways and mutation-specific phenotypes different from those obtainable by ectopic oncogene expression. Profiling of a library of pharmacological agents on the mutated cells showed striking sensitivity or resistance phenotypes to pathway-targeted drugs, often matching those of tumor cells carrying equivalent cancer mutations. Thus, knock-in of single or multiple cancer alleles provides a pharmacogenomic platform for the rational design of targeted therapies.
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cancer mutation ͉ oncogene addiction ͉ pharmacogenomic ͉ targeted therapies ͉ tumor progression model T he construction of model systems that accurately recapitulate the genetic alterations present in human cancer is a prerequisite to understand the cellular properties imparted by the mutated alleles and to identify genotype and tumor-specific pharmacological responses. In this regard, mammalian cell lines have been widely used as model systems to functionally characterize cancer alleles carrying point mutations and to develop and validate anticancer drugs. These models typically involve the ectopic expression (by means of plasmid transfection or viral infection) of mutated cDNAs in human or mouse cells (1) . Although these approaches have yielded remarkable results, they are typically hampered by at least two caveats. First, the expression is achieved by transient or stable transfection of cDNAs, often resulting in over-expression of the target allele at levels that do not recapitulate what occurs in human cancers. Second, the expression of the mutated cDNA is achieved under the control of nonendogenous viral promoters. As a result, the mutated alleles cannot be appropriately (endogenously) modulated in the target cells. While such systems in which mutated oncogenes are ectopically expressed under exogenous promoters have been instrumental in dissecting their oncogenic properties, they have also led to controversial results. For example, studies focused on oncogene-mediated transformation and senescence have generated conflicting data depending on whether the cancer alleles were ectopically expressed or permanently introduced in the genome of mouse or human cells (2) (3) (4) (5) . To address the limitation of current models, we have used targeted homologous recombination to introduce (knock-in, KI) a panel of cancer alleles in human somatic cells. Specifically, we focused on EGFR, KRAS, BRAF, and PIK3CA mutated alleles that are found in multiple cancer types. Mutant cells have then been used to study the biochemical and transforming potential of common cancer alleles and to identify genotype-specific pharmacological profiles.
Results

KI of Mutated BRAF, EGFR, KRAS and PIK3CA Alleles in the Genome of
Human Cells. We used adeno-associated-viral (AAV) mediated homologous recombination to introduce somatic mutations commonly found in tumors in human somatic cells. Specifically, we focused on the following alleles: EGFR (delE746-A750), KR AS (G13D), BR AF ( V600E), and PIK 3CA (H1047R) that are found in multiple cancer types (Fig. 1A) . These include among others, lung (EGFR and KRAS), colorectal (KRAS, BRAF, PIK3CA), breast (PIK3CA), pancreatic (KRAS), and prostate (KRAS, BRAF) carcinomas and melanoma (BR AF) (http://www.sanger.ac.uk/genetics/CGP/ cosmic/). As recipient cells, we used three nontransformed epithelial cell lines of breast (MCF10A, hTERT-HME1) and retinal (hTERT RPE-1) origin. These cells display a number of features rendering them appealing for genetic and biological manipulation. They can be propagated indefinitely in vitro, but are not able to grow in anchorage-independent conditions or to form tumors when injected subcutaneously into nude mice, which makes them a suitable model to study oncogenemediated transformation (6, 7) . Furthermore, they have been previously used to assess a number of cellular phenotypes, including growth factor-dependent proliferation, motility, and invasive growth (7) (8) (9) (10) . A common strategy was used to generate the recombinant the AAV vectors required to knock-in each of the four cancer alleles (see Fig. 1 A) . In brief, the homologous recombination cassette was cloned within the AAV inverted terminal repeats and consisted of two Ϸ1-kb sequences (''homology arms''), one of which contained the specific mutation. A selectable marker was placed between the homology arms f lanked by two LoxP sites, to allow Cre recombinase-mediated excision of the Neo cassette from the genome of the targeted cells (see Fig. 1 A) and the possibility of recycling the resistance marker for the sequential introduction of multiple alleles in the same cell. After infection with rAAV and G418 selection, clones with locus-specific integration of the targeted alleles were identified through a PCR screening approach (see Methods for details). Positive clones were expanded and genomic DNA (gDNA) and RNA were extracted to sequence the targeted region to independently confirm the presence and the expression of the specific mutations (Fig. 1B) . To account for clonal variability, multiple independent cell lines carrying each of the mutations were generated and analyzed at the biochemical, biological, and pharmacological levels.
Biochemical Analysis of Mutated Alleles in Human Cells. The cancer alleles that were knocked-in in human cells have been previously described to display distinct biochemical and biological properties (10) (11) (12) (13) (14) . Indeed, we found that introduction of oncogenic mutations in the EGFR, KRAS, BRAF and PIK3CA genes in hTERT-HME1 breast cells resulted in activation of the corresponding proteins and triggered specific signaling pathways (Fig.  S1 ). As expected, EGFR knock-in cells showed striking constitutive (ligand-independent) phosphorylation of EGFR (see Fig.  S1 A). Increased levels of total EGFR protein were also detected; these are likely because of the stabilization of the receptor and reduced degradation imparted by the E746-A750 deletion, as previously shown in lung cancer cells carrying the same allele (15) (16) (17) . Interestingly, KRAS, BRAF and PIK3CA mutated cells also displayed allele-specific biochemical features. These included, respectively, PI3K-mediated AKT phosphorylation (see Fig. S1B ), constitutive activation of the KRAS protein as measured by a GTP loading assay (see Fig. S1C ), and BRAFinitiated activation of the MAPK kinase signaling pathway (see Fig. S1D ). Similar results were obtained in multiple independent hTERT-HME1 clones of each genotype and in the MCF10A and hTERT RPE-1 KI cells carrying the same alleles (data not shown).
Transforming Potential of Cancer Alleles Ectopically Expressed or KI
Human Somatic Cells. The in vitro measurable property that more closely correlates with the tumorigenic potential of cancer cells is their ability to grow in anchorage-independent fashion. Accordingly, ectopic expression of the cDNAs corresponding to the four cancer alleles had been previously shown to promote transformation of epithelial cells, such as those used in the present study (9, 10, 13, 18, 19) . We evaluated the oncogenic properties of all KI cells by a conventional colony-formation assay in soft agar. The corresponding WT cells and the colon cancer cell line HCT 116 were used as negative and positive controls, respectively. We found that EGFR, KRAS, and PIK3CA KI hTERT-HME1 cells were unable to grow in soft agar, while BRAF mutated cells gave rise to few small colonies ( Fig. 2A) . Quantitative assessment of the number of colonies is provided in Fig. 2B . Similarly, no anchorageindependent growth was observed in either MCF10A or hTERT RPE-1 cells carrying cancer mutations (data not shown). Of note, the BRAF mutated cells were not tumorigenic when injected in immunocompromised mice (data not shown). These data are in contrast with previous results obtained by over-expression of the corresponding alleles in a number of human cellular models. We therefore decided to directly compare the KI versus the ectopic expression methodology. To achieve this goal, we engineered hTERT-HME1 cells to express the KRAS and BRAF mutated cDNAs under the control of viral promoters. The results were unequivocal in that hTERT-HME1 cells ectopically expressing any of the corresponding mutated cDNAs readily formed colonies (see Fig. 2 ). In particular, a remarkable difference in the number and size of colonies was observed.
Genotype-Specific Clustering of KI Cells by Pharmarray Analysis. We reasoned that our KI cell system could offer an opportunity to explore the pharmacogenomic properties of cancer alleles. To assess this possibility, we prepared a custom library of biologically-active drugs (Table S1) cisplatin); (ii) recently developed tyrosine kinase inhibitors (e.g., dasatinib); (iii) drugs approved by the Food and Drug Administration (FDA) for a clinical indication other than cancer, but that were previously shown to have an antiproliferative effect in vitro (e.g., simvastatin); (iv) drugs currently undergoing oncology clinical trials (e.g., everolimus, triciribine); (v) a small collection of natural bioactive compounds (e.g., apigenin, deguelin); and (vi) a number of pathway specific pharmacological tools that were added to the library as controls (e.g., LY294002, PD98059). Parental and KI cells were seeded in complete growth medium and cell number was estimated by determining cellular ATP content. Under these conditions, no significant differences were observed in the proliferative potential of the KI cells as compared to their normal WT counterpart (Fig. S2) . Each compound was then preliminarily tested on WT cells to determine the concentration referred to as the highest no-observed effect level (NOEL), the IC 50 , and the IC 90 values. The effects of the drugs on cell viability were measured by the ATP bioluminescent assay.
After the initial analysis, all KI clones and parental cells were assayed, testing at least three concentrations of each drug (range shown in Table S1 ) and using a minimum of two clones for each different genotype. The differential activity (⌬KI values, expressed as a percentage of cell-growth inhibition) between KI and parental cells was calculated for each compound at a given concentration. The results showed negligible variability among clones carrying the same mutation; therefore, the data obtained from multiple clones for each genotype were averaged. Data analysis details are described in SI Methods, and the full set of averaged data of pharmacological responses at each tested drug concentration is provided in Table S2 . Normalized data were further analyzed using data clustering algorithms to better visualize the mutation-specific pharmacological phenotypes in isogenic cell pairs. For this purpose, we adopted a new software application that we had previously developed for microarray data clustering and visualization (20) . Unclustered ⌬KI values are depicted in Fig. S3 , while analyzed data (that we define as pharmarray) are shown in Fig. 3 for the hTERT-HME1 cell model. Red-colored boxes indicate drugs that, at the indicated concentrations, preferentially inhibited the growth of mutated cells, while green boxes show compounds to which KI cells were more resistant than their WT counterpart does. Black boxes indicate no significant differences in response between KI and parental cells. The vast majority of drugs did not show selectivity toward any specific genotype, as shown by the predominant black columns. However, the approach successfully identified a set of clusters that were cell-and genotype-specific (see Fig. 3 ). When an unsupervised hierarchical clustering analysis of the pharmacogenomic data were performed using the pharmarray approach, a clear segregation of the KI cells was readily obtained (see Fig. 3 A) . Specifically, we discovered that the pharmarray analysis generated genotype-specific trees ref lecting the signaling pathways in which the corresponding oncogenic mutations are known to act. These included on one side the cells carrying KRAS and BRAF mutations, on the other side the PIK3CA and the EGFR clones (see Fig. 3 A) . We then used a K-means algorithm to identify individual resistant and sensitive genotype-specific clusters (see Fig. 3 B-E) . A distinct set of compounds that clustered according to their ability to selectively inhibit EGFR mutated cells was evident. These included gefitinib and erlotinib, and other less specific but already known EGFR inhibitors, such as genistein (21) (see Fig. 3B ). Additional resistant and sensitive genotype-specific clusters were identified by the pharmarray approach (see Fig.  3 C-E), including a prominent red-inhibitory group of drugs affecting preferentially the PIK3CA mutated genotype (see Fig. 3E ). This cluster included LY294002, indomethacin, rapamycin, and everolimus.
Knock-in Cells Display Drug Responses Resembling Those of Tumors
Carrying Equivalent Mutations. We assessed whether the response to targeted drugs of the KI cells may recapitulate that of naturally occurring cancer cells carrying equivalent cancer mutations. As a test case, we choose the EGFR KI cells, because it is well known that EGFR kinase inhibitors are most effective on cancer cells carrying a mutated EGFR gene (22, 23) . Accordingly, we performed a detailed analysis of the effect of erlotinib on EGFR KI in multiple cellular backgrounds. We found that this drug preferentially inhibited the growth of hTERT-HME1 and MCF10A KI with the EGFR delE746-A750 allele (Figs. 4 A and B) . Strikingly, the IC 50 values of erlotinib in EGFR mutant cells (0.16 Ϯ 0.06 M, MCF10A, and 0.25 Ϯ 0.14 M, hTERT-HME1), were over 10-fold less than those of the corresponding WT cells. Ge- fitinib showed a similar selectivity pattern (Fig. S4A) . Unexpectedly, no selectivity toward EGFR inhibitors was observed in the third cell line (hTERT RPE-1) carrying the EGFR delE746-A750 allele ( Fig. 4C and Fig. S4B ). We and others have previously shown that constitutive activation of the RAS/RAF pathway (for example by oncogenic KRAS mutations) can impair the response to drugs targeting EGFR (24, 25) . We therefore hypothesized that a previously unreported activating alteration of the RAS/RAF pathway could be responsible for such lack of effect of erlotinib and gefitinib in hTERT RPE-1 cells. Indeed, mutational analysis of KRAS coding sequence in this line revealed that both the parental and KI cells carried a six-base pair insertion in exon 2 of this gene (Fig. S5 A) . Similar molecular alterations had been previously found in animal and human tumors (26, 27) . Biochemical analysis demonstrated that this insertion strongly activates KRAS by permanently switching the corresponding mutated protein into the GTP-bound active state (Fig. S5B) . Despite the presence of an activating KRAS mutation, we found that hTERT RPE-1 are not transformed (data not shown), thus further confirming our finding on the lack of transforming potential of endogenously expressed mutant KRAS alleles. Our results suggest that hTERT RPE-1 cells have acquired a KRAS gain-of-function mutation either during the immortalization procedure or during their continuous growth in culture. It is also possible (albeit unlikely) that the tissue of the individual from which the hTERT RPE-1 cells were established was already carrying the corresponding mutated KRAS allele. Next, we investigated the mechanism responsible for the pronounced effect of erlotinib on the viability of EGFR KI clones in the hTERT-HME1 background. Flow cytometric analysis showed that 48-hours' treatment with erlotinib at 0.1 to 0.5 M caused an accumulation of EGFR KI cells in the G1/G0 phase of the cell cycle, thereby decreasing the proportion of cells in the S and G2/M-phases (Table 1) . At the same time-point, no significant apoptosis was observed. After more prolonged exposure (7 days) to 0.1-1 M erlotinib (a range within clinically achievable concentrations), a sustained inhibition of cell proliferation was again observed only in hTERT-HME1 EGFR KI clones, while WT cells were only marginally affected (Fig. S6) . Notably, on day 7 a modest but significant fraction of apoptotic cells was observed in EGFR KI cells, but not in parental cells (see Figs. S6 and S7 ). These findings suggest that oncogenic addiction is recapitulated in EGFR KI cells, as their proliferation and survival is clearly dependent upon EGFR kinase activity. Overall, these results are well in accordance with literature data on tumor cells carrying EGFR mutations (22, 28, 29) .
Sequential Introduction of Mutations to Model Drug Resistance. It has been recently reported that, albeit rarely, EGFR and PIK3CA mutations can coexist in human tumors (30) , and that activation of the PI3K/AKT signaling pathway can circumvent the effect of EGFR tyrosine kinase inhibitors. To verify whether we could recapitulate this phenomenon in our cellular model as well, we generated double KI clones (DKI) carrying both the PIK3CA (H1047R) and EGFR (delE746-A750) mutations. Identification of DKI mutant cells was achieved as described for the single KI approach. hTERT-HME1 DKI clones carrying both EGFR and PIK3CA mutations were then treated with gefitinib and erlotinib. Strikingly, the occurrence of both mutations abrogated the sensitization seen with the EGFR KI alone (see Fig. 4A and Fig. S4A ). These results are in concordance with recent findings in brain tumors cells that carry similar pathway lesions (EGFR and PTEN alterations) and are resistant to anti-EGFR therapies (31) .
Discussion
Until now, strategies to study cancer mutations in human cells have mainly involved ectopic expression of the corresponding mutated cDNA under the control of nonendogenous, constitutively active promoters These approaches do not accurately recapitulate the occurrence of cancer mutations in human tumors (32) . To overcome these limitations, we used targeted homologous recombination to introduce cancer alleles in the genome of human cells by stable modification of the corresponding genomic locus. As a result, the heterozygously mutated genes are expressed under their endogenous promoters. Using this approach, we generated isogenic cell lines carrying mutations frequently found in human tumors, including KRAS G13D (33) , BRAF V600E (34), EGFR delE746-A750 (28) , and PIK3CA H1047R (11) . Several studies have shown that single cancer alleles, when ectopically expressed, can transform human cells (9, 10, 13, 18, 19) . In contrast, we found that the introduction of cancer alleles in the genome of immortalized human cells of epithelial origin was generally not sufficient to confer transforming properties. We propose that the sequential addition of multiple mutations by direct modification of the corresponding genomic loci could eventually lead to the transformation of human epithelial cells, but further work is needed to test this hypothesis. This technology could also be used to discriminate passengers from drivers' cancer mutations, and to assess the role of the germline variations (SNPs) that have been found to predispose to cancer (35) . The latter frequently occurs in noncoding regions and consequently cDNA transfection approaches are often inapplicable to assess the functional role of SNPs. Understanding how common oncogenic alleles affect resistance and sensitivity to targeted drugs is key to defining individualized cancer therapies. To address this issue, we evaluated the response of the KI cells to a panel of over 90 compounds, including established (FDA approved) drugs and recently developed kinase inhibitors. This approach led to the identification of a number of druggenotype interactions, including the striking response of EGFR mutant cells toward the EGFR kinase inhibitors erlotinib and gefitinib. These results indicate that our strategy can successfully identify validated pharmacogenomic interactions and suggest that it can be exploited to identify new genotypetargeted drugs. In conclusion, a number of general considerations can be drawn from our results. KI of cancer mutations generates isogenic cellular models carrying the same lesions observed in human tumors. Mutant cells show striking drug sensitivity phenotypes, when treated with targeted inhibitors, resembling the response and resistance mechanisms occurring in human tumors. Most excitingly, profiling of bioactive drugs on KI cells carrying single or multiple mutations can be rapidly performed to identify drug-genotype correlations, thus allowing the rational design of clinical trials based on the genetic milieu of individual tumors.
Methods
Cells and Cell Culture Reagents. Parental and genetically modified cells were obtained and cultured as described in SI Methods.
Chemicals and Drugs. Chemicals and drugs were purchased from several different commercial suppliers as indicated in Table S1 . All compounds were reconstituted in the appropriate solvents and stored in aliquots at the temperature recommended by the manufacturers.
Plasmids and Viral Vectors. All of the KI-targeting vectors were constructed using a modified pBluescript plasmid, which we named pSA-5A, containing a Neo resistance gene driven by a SV40 promoter; two loxP sites flank this G418 resistance cassette. The list of primers used to amplify the homology arms is available in Table S3 . All experimental procedures for targeting vector construction, AAV production, cell infection, and screening for recombinants have already been described elsewhere (36) . The list of primers used for screening is available from the authors upon request. The lentiviral vector expressing BRAF V600E was a kind gift of of Dr María S. Soengas (Ann Arbor, MI). The procedure to obtain the lentivirus expressing the KRAS G13D mutation has been described elsewhere (2) .
Biochemical, Cellular, and Pharmacology (Pharmarray) Analysis. Detailed descriptions of biochemical, cell based, and pharmacological (pharmarray) analysis are available in SI Methods. WT and EGFR KI cells were incubated for 48 h with the indicated concentrations of erlotinib, and the effect on cell cycle was assessed by FACS analysis. Erlotinib induced a significant arrest of EGFR KI clones in the G 0/G1-phase of the cell cycle, while minimally affecting parental cells. Means of at least four independent experiments are shown. Significance by paired t test was taken at P Ͻ 0.01.
